INTRODUCTION
============

The cell nucleus is a highly organized intracellular organelle that packages DNA and is the site for genomic functions such as transcription, replication, and repair/recombination in eukaryotes. Decades of studies have established that this micrometer-sized organelle is subjected to a range of mechanical forces while maintaining its structural and functional stability ([@B66]; [@B26]; [@B71]; [@B12]). This is particularly evident in migrating processes, in which a cell penetrates tissues by squeezing its body through spaces smaller than the size of the nucleus ([@B16]). In skeletal and cardiac muscles, the nuclei are exposed to repetitive contractile forces generated by the cells ([@B12]). Failure to resist such mechanical distortion results in substantial damage to nuclear structure and subsequently perturbs genomic integrity, which has been linked to tumorigenesis and apoptosis ([@B70]; [@B30]; [@B12]). Nuclear deformability has also been implicated in directing stem cells to commit to specific lineages ([@B15]; [@B6]). The nucleus may thus possess mechanisms that precisely define and tune its deformability to resist and respond to mechanical force.

A key to understand the mechanical properties of the nucleus is the nongenetic function of chromatin as a load-bearing molecule ([@B4]). Chromatin is a thread-like macromolecular complex, the primary structure of which comprises a linear polymer of DNA wrapped around octamers of core histones ([@B37]). This linear nucleosomal array---the so-called 10-nm fibers---folds into a compacted 30-nm chromatin fiber in vitro ([@B53]; [@B50]; [@B59]). Force spectroscopy analyses demonstrate that this compacted fiber generates elastic restoring forces against mechanical stretch ([@B10]; [@B34]). Although the 30-nm fiber had long been assumed to be a relevant structure in vivo, recent studies suggest that within the nucleus, the 10-nm fibers are rather irregularly folded into higher-order structures such as those with interdigitated nucleosomal fibers that resemble a "polymer melt" ([@B38], [@B39]; [@B19]; [@B31]; [@B20]; [@B29]; [@B49]; [@B52]; [@B8]) and undergo compacted domain--like organization ([@B40]; [@B2]; [@B57]; [@B72]). Furthermore, individual chromosomes occupy discrete "territories" in the nucleus ([@B9]). It is largely unknown how chromatin bears load as such an entity.

Early biophysical measurements demonstrated that nuclei with a condensed form of chromatin generate substantial mechanical resistance when aspirated by a micropipette ([@B11]; [@B46]) or indented by an atomic force microscopy cantilever ([@B33]). The change in nuclear deformability was also detected by an optical tweezers--based fluctuation analysis ([@B41]). Genetic manipulation studies further revealed that changes in the chromatin's compaction level and spatial localization impair the nucleus' ability to withstand mechanical force ([@B18]; [@B54]). Therefore it is widely acknowledged that the rigidity of the nucleus depends on the organization properties of chromatin. Quantitative determination of chromatin's mechanical contribution, together with comprehensive characterization of its biochemical properties, will provide detailed information on how local and global chromatin architecture contributes to regulating the nuclear mechanical response.

Here we combined a microneedle-based force measurement setup ([@B56]) with controlled biochemical assays ([@B62]) to examine the mechanical response of human cell nuclei and their dependence on biochemical manipulations of chromatin. The use of force-calibrated thin microneedles (∼1-µm diameter) allowed for quantitatively determining the mechanical response of isolated nuclei to localized forces as well as for micromanipulating those nuclei in living cells. Our data suggest that linker DNA and internucleosomal interaction via histone tails play a predominant role in providing nuclear rigidity, thus highlighting the mechanical function of condensed chromatin in the nucleus.

RESULTS
=======

Nuclei are highly rigid and elastic at millimolar levels of Mg^2+^
------------------------------------------------------------------

We examined the mechanical properties of nuclei using a microneedle-based force-measurement setup that we previously developed for characterizing the viscoelastic properties of vertebrate meiotic spindles ([@B56]; [@B55]; [Figure 1A](#F1){ref-type="fig"} and Supplemental Movie S1). Briefly, single interphase nuclei isolated from HeLa cells ([@B36]; [@B62]) were captured using a pair of glass microneedles and then stretched by moving one microneedle away from the other. This resulted in an extensional deformation in the nuclei (dotted lines, [Figure 1B](#F1){ref-type="fig"}) and the development of a sustained resisting force, which was monitored based on the deflection of the stiffness-calibrated flexible microneedle tip (*Δx*; [Figure 1B](#F1){ref-type="fig"}). By repeatedly applying mechanical stretches with different force magnitudes in controlled directions ([Figure 1C](#F1){ref-type="fig"}), we measured nuclear mechanical response under various biochemical conditions.

![Mg^2+^-induced stiffening of nuclei associated with chromatin compaction. (A) Schematic of the setup for measuring the mechanical response of nuclei. (B) Bright-field images of a micromanipulated nucleus. The nucleus isolated from a HeLa cell line was deformed by moving the upper microneedle (black arrow) while monitoring the magnitude of applied force, which was estimated based on deflection of the force-calibrated microneedle tip (*Δx*) from its equilibrium (marked ×). Dotted lines show positions of the microneedle tips, which were used to estimate the extent of deformation. (C) Typical time recordings of the measurement showing cycles of stretch-hold-release with varying force magnitudes. (D, G, J) Images of isolated nuclei exposed to buffers with indicated Mg^2+^ levels and stretched at indicated force magnitudes. Arrowheads, microneedle tip positions. (E, H, K) Force--deformation plots obtained at Mg^2+^ levels of 5 mM (*n* = 19) (E), 1 mM (*n* = 12) (H), and 0 mM (*n* = 15) (K). Data from individual nuclei (gray lines) were pooled for 0.5-µm bins and averaged (bars represent SD). Slopes are 63.1, 13.5, and 5.5 for E, H, and K, respectively (red solid lines; *R^2^* \> 0.97). The red broken line shows the region of predominant viscous deformation (slope, 14.5). (F, I, L) Images of DAPI-stained nuclei. Insets, intensity line profiles generated across two yellow arrowheads in each image. (M--O) Reversibility of nuclear mechanical response. (M) Images showing an isolated nucleus, which was preincubated in 0 mM Mg^2+^ buffer and then exposed to 5 mM Mg^2+^ buffer. The nucleus was stretched using the microneedle-based setup at indicated force magnitudes. (N) Force--deformation plot. Data from those nuclei (gray lines, *n* = 15) were pooled for 0.5-µm bins and averaged (blue circles; bars represent SD). Slope, 60.2 (*R*^2^ = 0.99; red solid line). (O) Nuclear rigidity of untreated control nuclei (red) and nuclei once exposed to 0 mM Mg^2+^ buffer (black). NS, not significant by Student's *t* test (*p* = 0.42). (P) CBB staining of overall nuclear components at different Mg^2+^ levels. (Q) Western blot of major interphase chromatin assembly factors. Scale bars, 5 µm.](1580fig1){#F1}

We first examined the mechanical response of isolated nuclei in the presence of 5 mM Mg^2+^ ([Figure 1, D and E](#F1){ref-type="fig"}), at which chromatin is assembled into highly compacted domains ([Figure 1F](#F1){ref-type="fig"} and Supplemental Figure S1A; [@B39]). Mg^2+^ ions are abundant in nuclei (\>1 mM; [@B61]). We observed that nuclei under a small stretching force (∼20 nN) underwent submicrometer-scale deformation while largely retaining their round shape ([Figure 1D](#F1){ref-type="fig"}, middle). The deformation was restored as soon as the applied force was released, showing predominantly elastic response (Supplemental Figure S2A). On the other hand, the nuclei exhibited more noticeable deformation as a larger force was applied (∼100 nN; [Figure 1D](#F1){ref-type="fig"}, right), and the deformation persisted after release of applied force, showing more viscous response (Supplemental Figure S2A). The force--deformation plot, which was obtained by applying several stretch--release cycles with different force magnitudes, revealed that nuclei developed a resisting force that increased in proportion to the magnitude of deformation before yielding at ∼50 nN (red solid line in [Figure 1E](#F1){ref-type="fig"}). The rigidity of the nuclei, as determined by linear regression analysis within the elastic deformation range, was 55.4 ± 21.9 nN/µm (mean ± SD, *n* = 19). Therefore nuclei with condensed chromatin have significant elastic rigidity and resist a load on the order of tens of nanonewtons.

Nuclear rigidity decreases with Mg^2+^-dependent chromatin decompaction
-----------------------------------------------------------------------

Because chromatin is a complex made up of a negatively charged polymer and various associated proteins, its compaction state varies with the concentration of cations such as Mg^2+^ ([@B13]; [@B67]; [@B27]; [@B14]; [@B64]; [@B39]). At 5 mM Mg^2+^, chromatin becomes highly condensed and forms compacted domains in vitro (Supplemental Figure S1A), whereas, in the absence of Mg^2+^, it is significantly stretched (Supplemental Figure S1C). At 0.8--1 mM Mg^2+^, chromatin is slightly decondensed and forms an intermediate structure between the stretched fibers and compacted domains (Supplemental Figure S1B).

To test the effect of changes in chromatin structure on the mechanical response of nuclei, we examined the dependence of the nuclear mechanical response on buffer Mg^2+^ concentrations. Fluorescence microscopy imaging revealed that the size of nuclei exposed to 1 mM Mg^2+^ increased by ∼4% relative to their size at 5 mM Mg^2+^ ([Figure 1I](#F1){ref-type="fig"}; compare with [Figure 1F](#F1){ref-type="fig"}), indicative of chromatin decondensation. We found that the mechanical response of nuclei also differed at 1 and at 5 mM Mg^2+^. Specifically, at the lower Mg^2+^ concentration, the magnitude of nuclear deformation was severalfold larger at a comparable level of loading ([Figure 1G](#F1){ref-type="fig"}), and the nuclei were deformed in a predominantly elastic manner over an extended range of deformation (\>5 µm; [Figure 1H](#F1){ref-type="fig"}). The rigidity of the nuclei was greater-than-threefold lower at 1 than at 5 mM Mg^2+^ (14.3 ± 5.3 nN/µm, *n* = 12).

The observed change in nuclear rigidity was even more prominent when nuclei were exposed to 1 mM EDTA (i.e., at ∼0 mM Mg^2+^). Under this condition, the nuclei were more swollen (\>200%) and optically less dense, and a much smaller force was required for their deformation ([Figure 1J](#F1){ref-type="fig"}). Their structure was predominantly elastic and extremely soft over a broader range of deformations ([Figure 1K](#F1){ref-type="fig"} and inset). Under this condition, the fluorescence signal of chromatin appeared diffuse and evenly spread over the entire nucleus ([Figure 1L](#F1){ref-type="fig"}), indicating an extended fiber structure (Supplemental Figure S1C; [@B39]). The rigidity of nuclei with the decondensed chromatin was 5.5 ± 2.1 nN/µm (*n* = 15), which was \>10-fold lower than the value at 5 mM Mg^2+^.

To verify whether the Mg^2+^-dependent change in nuclear rigidity was due to mechanical damage or dissociation of components, we examined the reversibility of nuclear rigidity upon change in the buffer composition. To this end, we exposed isolated nuclei preincubated in 1 mM EDTA and swollen by severalfold to 5 mM Mg^2+^ buffer and measured their mechanical response. These nuclei regained their morphology and force dependences to a level comparable to nuclei that were immersed in the 5 mM Mg^2+^ buffer throughout ([Figure 1, M--O](#F1){ref-type="fig"}). Further analysis using SDS--PAGE revealed no obvious differences in the abundance of major nuclear components, including core and linker histones, over the tested range of Mg^2+^ concentrations ([Figure 1P](#F1){ref-type="fig"}). A Western blot analysis also confirmed that the putative interphase DNA-cross-linking proteins cohesin ([@B43]; [@B63]), CTCF ([@B21]), and condensin II ([@B28]) remained intact ([Figure 1Q](#F1){ref-type="fig"}). Together the results show that nuclei alter their mechanical rigidity upon Mg^2+^-dependent chromatin compaction with minimal modulations of the composition of nuclear components and chromatin assembly factors.

Digestion of linker DNA results in loss of nuclear rigidity
-----------------------------------------------------------

To determine quantitatively the contribution of chromatin to the nuclear mechanical response, we treated the isolated nuclei with a restriction endonuclease, *Hae*III, and then immersed them in buffer solutions of various Mg^2+^ concentrations. Agarose gel electrophoresis of purified DNA from *Hae*III-treated nuclei revealed a ladder pattern characteristic of linker DNA digestion ([Figure 2A](#F2){ref-type="fig"}, brackets). In contrast, the protein composition of *Hae*III-treated nuclei, including linker and core histones ([Figure 2B](#F2){ref-type="fig"}), and overall chromatin distribution patterns ([Figure 2C](#F2){ref-type="fig"} and Supplemental Figure S3, A and B) were similar to those of undigested samples.

![Linker DNA digestion results in loss of nuclear rigidity. (A) Agarose gel electrophoresis analysis showing significant DNA fragmentation after *Hae*III treatment of nuclei (brackets). (B) CBB staining (top) and Western blotting with anti--histone H1 and H2B antibodies (bottom) of nuclear proteins in pellet and supernatant fractions of the nuclei without (left) or with *Hae*III nuclease (right). (C) DAPI-stained nuclei for untreated control (reproduced from [Figure 1F](#F1){ref-type="fig"}) and *Hae*III-treated groups. (D--F) Bright-field images of *Hae*III-treated nuclei exposed to buffers with indicated Mg^2+^ concentrations and stretched at indicated force magnitudes. Black arrows highlight a prominent extension from the nuclear main body. Other marks are as in [Figure 1](#F1){ref-type="fig"}. (G) Force--deformation plots obtained at 5, 1, and 0.8 mM Mg^2+^ (*n* = 5, 8, and 6, respectively) and 0 mM Mg^2+^ (inset, *n* = 4). Data from individual nuclei (lines with light colors) were pooled for 0.5-µm bins and averaged (bars represent SD). Slopes are 12.6, 11.5, 12.5, and 0.41, respectively (black solid lines; *R^2^* \> 0.87). (H) Summary of nuclear rigidity measurements performed at different Mg^2+^ levels with or without *Hae*III treatment. \*\**p* \< 0.001, \*\*\**p* \< 0.0001 (Student's *t* test); NS, not significant (*p* \> 0.1). Broken line shows the level of the Mg^2+^-independent "baseline" fraction (see the text). Data for 5 mM Mg^2+^ control correspond to those in [Figure 1O](#F1){ref-type="fig"}. Scale bars, 5 µm.](1580fig2){#F2}

We found that at 5 mM Mg^2+^, *Hae*III-treated nuclei were more deformable than untreated control samples, and their structure was predominantly elastic over an extended range of deformations (\>4 µm; [Figure 2, D and G](#F2){ref-type="fig"}). Further, in contrast to untreated samples, a structure near the nuclear periphery was stretched out of the optically dense main body, revealing an elastic membranous material tapered at both ends (black arrow in [Figure 2D](#F2){ref-type="fig"}). The rigidity of these nuclei was greater-than-threefold lower than that of the untreated control (17.1 ± 6.0 nN/µm, *n* = 5; vs. \>55 nN/µm). Therefore linker DNA significantly contributes to the mechanical rigidity of nuclei.

Of note, the rigidity of *Hae*III-treated nuclei did not change further when the buffer Mg^2+^ concentration was reduced to 1 mM (17.1 ± 8.4 nN/µm, *n* = 8; [Figure 2, E and G](#F2){ref-type="fig"}). The nuclei exhibited deformation morphology that was similar to that observed at 5 mM Mg^2+^ and generated a predominantly elastic restoring force ([Figure 2E](#F2){ref-type="fig"}). Similar results were obtained at an even lower Mg^2+^ concentration of 0.8 mM (14.9 ± 8.3 nN/µm, *n* = 6; [Figure 2G](#F2){ref-type="fig"} and Supplemental Figure S2, B--E). In other words, upon linker DNA digestion, nuclear rigidity became largely insensitive to changes in buffer Mg^2+^ concentration. [Figure 2H](#F2){ref-type="fig"} summarizes the force measurements, indicating that there are two mechanical components within nuclei: 1) a Mg^2+^-sensitive fraction that is coupled with chromatin compaction (brown column in [Figure 2H](#F2){ref-type="fig"}), and 2) a Mg^2+^-insensitive "baseline" that is independent of chromatin (dotted line in [Figure 2H](#F2){ref-type="fig"}). When *Hae*III-treated nuclei were exposed to 1 mM EDTA, their structure became highly deformable compared with their deformability under other conditions (0.3 ± 0.2 nN/µm, *n* = 4; [Figure 2F--H](#F2){ref-type="fig"}), suggesting a substantial weakening of the overall nuclear structure.

Histone acetylation leads to loss of nuclear rigidity
-----------------------------------------------------

We next examined the role of another major factor regulating chromatin structure: nucleosome--nucleosome interactions mediated by histone tails ([@B1]; [@B32]; [@B17]). It was previously shown that treatment of cells with the histone deacetylase inhibitor trichostatin A (TSA; [@B68]) leads to decondensation of chromatin ([@B22]), presumably because the nucleosome--nucleosome interactions are weakened by blocking the binding of the N-terminal tails of histones, including H4, to the neighboring nucleosomes ([@B32]). To obtain histone-acetylated nuclei, we treated cells with TSA for 3 h ([@B22]) and isolated their nuclei using the same purification protocol as employed earlier. A biochemical analysis confirmed that the protein compositions, including linker and core histones, of nuclei isolated from TSA-treated cells were indistinguishable from those of untreated controls ([Figure 3A](#F3){ref-type="fig"} and Supplemental Figure S4A). However, the TSA-treated nuclei had a marked increase of tail acetylation in histones, including H3 and H4 ([Figure 3B](#F3){ref-type="fig"}, asterisks). Mass spectrometry data further confirmed the sites of tail acetylation (Supplemental Table S1). Western blot analysis revealed that the amounts of cohesin, CTCF, and condensin II in all samples were largely identical ([Figure 3C](#F3){ref-type="fig"} and Supplemental Figure S4B). The chromatin of TSA-treated nuclei was slightly decondensed compared with that of untreated samples, as determined by nucleus size ([Figure 3D](#F3){ref-type="fig"}).

![Histone tail acetylation leads to loss of nuclear rigidity. (A) CBB staining showing abundance of major nuclear components, including linker and core histones, for untreated control and TSA-treated cells. (B, C) Western blot analyses showing hyperacetylation of histone H3 and H4 tails in TSA-treated nuclei (B; asterisk) and abundance of key chromatin assembly factors (C; no treatment data correspond to the right-most lane in [Figure 1Q](#F1){ref-type="fig"}; see Supplementary Figure S4B for full-size scan of blots). (D) Representative images of DAPI-staining in untreated control (left; reproduced from [Figure 1F](#F1){ref-type="fig"}) and TSA-treated (right) nuclei. (E) Bright-field images of a TSA-treated nucleus exposed to 5 mM Mg^2+^ buffer and stretched at indicated force magnitudes. Marks are as in [Figure 1](#F1){ref-type="fig"}. (F) Force--deformation plots obtained for nuclei treated with TSA (orange circles, *n* = 16) and those treated with TSA and *Hae*III (green diamonds, *n* = 20). Individual measurements (dark and light gray lines, respectively) were pooled for 0.5-µm bins and averaged (bars represent SD). Slopes are 18.7 and 19.0, respectively (black solid lines; *R^2^* \> 0.92). The broken line shows the region of predominant viscous deformation. (G) Summary of nuclear rigidity measurements of untreated control (red; corresponding to data in [Figure 1O](#F1){ref-type="fig"}), TSA-treated (orange), and TSA/*Hae*III-treated (green) nuclei. \*\**p* \< 0.001, \*\*\**p* \< 0.0001 (Student's *t* test). Scale bars, 5 µm.](1580fig3){#F3}

We measured the rigidity of histone-acetylated nuclei using the microneedle-based setup and buffer composition for which chromatin was highly compacted and provided significant rigidity to nuclei (i.e., 5 mM Mg^2+^; [Figure 3E](#F3){ref-type="fig"}). We found that histone-acetylated nuclei exhibited substantial deformation even against a relatively small stretching force ([Figure 3E](#F3){ref-type="fig"} vs. [Figure 1D](#F1){ref-type="fig"}). The force--deformation plot revealed that TSA treatment reduced nuclear rigidity by approximately twofold (26.0 ± 13.5 nN/µm, *n* = 19) compared with that of the untreated control ([Figure 3, F and G](#F3){ref-type="fig"}). To determine whether TSA treatment affects the "baseline" rigidity ([Figure 2H](#F2){ref-type="fig"}, broken line), we treated histone-acetylated nuclei with *Hae*III and measured their mechanical response. These double-treated nuclei exhibited a rigidity that was comparable to the "baseline" value (21.0 ± 8.9 nN/µm, *n* = 20; [Figure 3, F and G](#F3){ref-type="fig"}), whereas the level of DNA digestion and composition of major nuclear components were unchanged (Supplemental Figure S4, C and D). Although TSA might enhance the cell's transcriptional activity and increase the RNA content in nuclei, treatment of hyperacetylated nuclei with RNase did not significantly alter the nuclear mechanical response (26.7 ± 8.6 nN/µm, *n* = 10; Supplemental Figure S5). Taken together, our data indicate that histone tail acetylation decreases the rigidity of nuclei while having little effect on nuclear composition and suggest that the nucleosome--nucleosome interactions via histone tails play a major role in regulating the mechanical properties of the nucleus.

To verify whether the measured nuclear mechanical response is also observed in living cells, we examined the rigidity of nuclei in situ ([Figure 4](#F4){ref-type="fig"}). To this end, we maintained HeLa cells from a suspension culture, which is the cell line we used for the mechanical measurements of isolated nuclei, in a culture medium and micromanipulated their nuclei by inserting the tips of microneedle probes into the cells' interior ([Figure 4A](#F4){ref-type="fig"}). Differential interference contrast (DIC) images showed the successful capture and stretch of a nucleus in response to motion of the microneedle tip ([Figure 4B](#F4){ref-type="fig"}). We observed that the applied stretching force induced an extensional deformation in the nucleus. The deformation increased with the magnitude of applied force, whereas the overall cell shape remained relatively intact ([Figure 4B](#F4){ref-type="fig"}). Approximately 60% of cells were susceptible to such micromanipulation, particularly when microneedles of very fine tips (\<1 µm in diameter) were used. The remaining ∼40% exhibited extreme blebbing or flattening ([Figure 4C](#F4){ref-type="fig"}), likely due to mechanical damage to the cell cortex. Subsequent analyses were performed for cells that survived this micromanipulation. The force--deformation plot obtained from *n* = 15 cells revealed that the in situ nuclear mechanical response was approximately linear ([Figure 4G](#F4){ref-type="fig"}), and the rigidity was 23.7 ± 8.6 nN/µm ([Figure 4H](#F4){ref-type="fig"}). Of note, treatment of cells with TSA resulted in a marked decrease of in situ nuclear rigidity (9.7 ± 4.2 nN/µm, *n* = 14), whereas cellular morphology and susceptibility against mechanical manipulation were similar to those of untreated control cells ([Figure 4, D, G, and H](#F4){ref-type="fig"}). To examine the contribution of the cell cortex and cytoplasm, including its cytoskeleton, to the mechanical measurement, we inserted the microneedle tips into the cells but outside of their nuclei ([Figure 4E](#F4){ref-type="fig"}). This micromanipulation yielded a significant extension of cell peripheral structure, revealing a fusiform-like body ([Figure 4F](#F4){ref-type="fig"}). The rigidity measured by this experiment was greater-than-fourfold lower (5.6 ± 2.0 nN/µm, *n* = 3) than the value measured based on nucleus capture ([Figure 4, G and H](#F4){ref-type="fig"}). Together these results support the relevance of our nuclear mechanical measurements between in situ and in vitro conditions.

![In situ measurement of the nuclear mechanical response. (A) Schematic showing the experimental setting for measuring the nuclear mechanical response in living cells. (B) DIC images of a HeLa cell from suspension culture, the nucleus of which was captured by inserting the tips of microneedles (white arrowheads) into the cells and then stretched at indicated force magnitudes. (C) An unsuccessful measurement. A cell exhibited significant blebbing upon micro­manipulation. (D) A TSA-treated HeLa cell, the nucleus of which was stretched as in B and at indicated force magnitudes. Schematic (E) and representative images (F) of a HeLa cell stretched at near the cell periphery but not capturing the nucleus. (G) Force--deformation plot obtained from measurements in untreated control cells (blue circles, *n* = 20) and cells treated with TSA (orange diamonds, *n* = 15). Plots are mean ± SD. Linear regression yields slopes of 22.9 and 8.3, respectively. Data from individual samples are shown in dark and light gray, respectively. Also shown is the level of cytoplasm stiffness estimated as in F (pink dashed line). (H) Summary of in situ nuclear rigidity measurement for untreated control cells (*n* = 20), cells treated with TSA (*n* = 15), and cytoplasm (*n* = 3). \*\*\**p* \< 0.0001. Scale bars, 5 µm.](1580fig4){#F4}

DISCUSSION
==========

The mechanical properties of nuclei lie at the heart of maintaining cellular integrity in the face of mechanical force. In this study, we demonstrated that chromatin supports a significant fraction of nuclear rigidity and that the underlying molecular mechanism involves linker DNA and nucleosome--nucleosome interaction via histone tails. Of note, these changes require minimal compositional alterations in linker histone and loop formation proteins, highlighting the importance of other chromatin features, presumably an interdigitated or "melted" state of nucleosome fibers, as discussed later.

On the basis of our findings, we propose a simple model for the chromatin-based control of nuclear mechanical response ([Figure 5](#F5){ref-type="fig"}). In this model, the mechanical resistance of nuclei is governed by two linear mechanical springs: one attributable to chromatin (**κ**~Ch~) and the other attributable to the nuclear envelope structure (**κ**~NE~), which is connected in parallel to **κ**~Ch~ ([Figure 5A](#F5){ref-type="fig"}, right). The stiffness of **κ**~Ch~ decreases severalfold upon histone tail acetylation ([Figure 5B](#F5){ref-type="fig"}, right) and is reduced to nearly zero after linker DNA digestion ([Figure 5C](#F5){ref-type="fig"}, right). **κ**~Ch~ is also connected in series to a viscous dashpot element (**γ**~Ch~), whose contribution to nuclear mechanics becomes evident when chromatin forms compacted domains and is deformed by an extremely large load. **γ**~Ch~ is likely linked to a relaxation of topological constraint between DNA polymers, given that inhibition of topoisomerase II activity ([@B65]) using a well-characterized drug compound (VM-26) significantly suppressed the viscous softening of the nucleus (Supplemental Figure S6). In contrast, the stiffness of **κ**~NE~ is resistant to perturbations to chromatin and thus provides the "baseline" stiffness. We predict that **κ**~NE~ is related to lamin-based structures underlying the nuclear envelope ([@B5]; [@B23]; [@B45]; [@B60]). Consistent with this prediction, lamin A/C levels in nuclei were maintained upon biochemical perturbations of chromatin (Supplemental Figure S4B). Previous studies reported that nuclei in cells have a significant elasticity ([@B24]; [@B7]; [@B33]) and can be irreversibly deformed by certain types of force perturbations ([@B11]; [@B25]). Our model suggests that the mechanical responses of nuclei largely depend on the strength of the chromatin spring **κ**~Ch~, which varies in response to the surrounding ionic conditions and posttranslational histone modifications.

![Model for the nuclear mechanical response. Left, possible folding architecture of chromatin within a nucleus. DNA (dark blue) is wrapped around core histones (light blue), forming compacted domains at high Mg^2+^ levels (A). Also shown is a chromatin strand of another chromosome (light purple). Histone tail acetylation weakens the nucleosome--nucleosome interaction and induces chromatin decompaction (B). Linker DNA digestion leads to disassembly of chromatin domains (C). Middle, molecular views of the chromatin strand. Nucleosomes are packed at high Mg^2+^ levels and provide spring-like elasticity (A). Histone tail acetylation (Ac) weakens the internucleosomal interaction, resulting in smaller restoring force (B). Linker DNA digestion disrupts the connection between nucleosomes, and no restoring force is generated (C). Right, model of nuclear mechanics, which is composed of two parallel units: 1) an elastic spring attributable to the nuclear envelope (**κ**~NE~), and 2) a series connection of a spring and a viscous dashpot attributable to chromatin (**κ**~Ch~ and **γ**~Ch~, respectively) (A). Histone tail acetylation reduces the stiffness of **κ**~Ch~ (B), and linker DNA digestion leads to its complete loss (C). Neither of these perturbations alters **κ**~NE~, thereby preserving the "baseline" stiffness ([Figure 2H](#F2){ref-type="fig"}).](1580fig5){#F5}

Our model agrees with a recent study by [@B60]) but with two critical differences: in their model, 1) the two elastic springs are nonlinear, and each acts at a different deformation length scale, and 2) the values of spring stiffness were \>10 times smaller than those in our study. These inconsistencies likely stem from exposing the nuclei to different buffer conditions (they used cell culture medium; we used buffers of defined chemical composition) and using different micromanipulation systems (they used a glass micropipette to suck the nuclear periphery; we used thin microneedles to "hook" the nuclei). Examining the consequence of these differences should help in developing a more comprehensive model of the nuclear mechanical response.

How does chromatin generate an elastic restoring force in the nucleus? Our analysis reveals that the linker DNA and nucleosome--nucleosome interactions via histone tails act together to generate a restoring force that opposes deformation and maintains the condensed chromatin structure. In the presence of divalent cations, a nonacetylated form of histone tails mediates nucleosome--nucleosome interactions ([@B17]) and contributes to local compaction of chromatin fibers ([Figure 5B](#F5){ref-type="fig"}; [@B1]; [@B32]). Linker DNA contributes to the maintenance of large-scale globular chromatin assembly ([Figure 5C](#F5){ref-type="fig"}; [@B39]). A lack of either of these two factors results in nearly complete loss of chromatin force generation in the nucleus, suggesting the importance of local and global chromatin organization properties. Of note, chromatin force generation in the nucleus is not evident in its fibrous form, such as the regular 30-nm fibers that are present at low salt concentrations ([Figure 5](#F5){ref-type="fig"} and Supplemental Figure S1; [@B39]). The elastic restoring force in the nucleus is likely generated by higher-order forms of chromatin, such as interdigitated or "melted" 10-nm nucleosome fibers, which provide the biological relevance for the irregular folding of chromatin observed in various cells ([@B38]; [@B19]; [@B31]; [@B20]; [@B29]; [@B49]; [@B52]; [@B8]). Irregular folding of chromatin ([@B42]; [@B14]; [@B44]) can also contribute to mitotic chromosomal integrity because the mechanical rigidity of isolated mitotic chromosomes is highly sensitive to nuclease treatment ([@B47]) and salt concentration ([@B48]). This is advantageous for chromosome segregation and transmission processes in mitosis, during which chromosomes are subjected to significant pulling and shearing stresses.

Within the nucleus, chromosomes are packaged into discrete regions that occupy individual "territories" ([@B9]). A localized pulling force acting on the nucleus should be transmitted to one or a few chromosomes that are directly associated with the area at which the force is applied. If these chromosomes are easily separated from other chromosomes that do not have a direct interaction with the force-acting surface, no strain will be developed in each chromosome, and thus the chromatin will generate no resisting force. At the interface of neighboring chromosomes, chromatin fibers engage in topological interaction or intermingling ([@B3]; [@B69]). Our data indicate that this interchromosomal interaction is strong enough to allow for the transmission of the force across multiple chromosomes ([Figure 5A](#F5){ref-type="fig"}, left, arrows). We propose that the DNA polymer has an effective continuity across the entire genome in a mechanical sense.

It is particularly interesting that highly condensed chromatin can function as a strong mechanical "spring" that provides elasticity to the nucleus. We previously reported that condensed chromatin is more resistant to radiation damage than its extended form, presumably because condensed chromatin has a lower potential for reactive radical generation on exposure to ionizing irradiation ([@B62]). The condensed state also protects genomic DNA from chemical attack ([@B62]). Taken together, our findings suggest that condensed chromatin domains play essential roles in maintaining genomic integrity in the face of various mechanical and biochemical perturbations.

Consistent with this notion, recent chromosome conformation capture (3C) and Hi-C (an extension of 3C) studies show that genomic DNA forms numerous packed domains called "topologically associating domains" ([@B57]; [@B72]), which may function as the universal building blocks of chromosomes. Similar condensed chromatin features were also observed by pulse labeling of a megabase-sized genomic DNA and are suggested to act as DNA replication foci in nuclei ([@B51]; [@B40]). Of note, chromatin condensation also plays a role in controlling the optical properties of rod photoreceptor cells ([@B58]). Our study suggests that higher-order condensed chromatin domains might have an evolutionary advantage in maintaining genomic DNA integrity, as well as in performing nongenetic functions, which has not been well appreciated.

MATERIALS AND METHODS
=====================

Sample preparation
------------------

Nuclei were isolated as previously described ([@B36]; [@B62]) with minor modifications. Briefly, HeLa cells were maintained in suspension culture at 37°C and 5% CO~2~ in RPMI 1640 medium (Sigma-Aldrich) supplemented with 5% fetal bovine serum (Nichirei Biosciences) using spinner flasks (Bellco). Collected cells were washed with nucleus isolation buffer composed of 3.75 mM Tris-HCl (pH 7.5), 20 mM KCl, 0.5 mM EDTA, 0.05 mM spermine, 0.125 mM spermidine, 0.1% Trasylol, and 0.1 mM phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich) by two cycles of centrifugal spins at 193 × *g* for 7 min at 23°C. The pellets were then resuspended in nucleus isolation buffer containing 0.05% Empigen (Sigma-Aldrich) (nucleus isolation buffer+) and immediately homogenized with 10 downward strokes using a tight Dounce pestle. After 5-min centrifugation of the cell lysates at 433 × *g*, the pellets were washed once with nucleus isolation buffer+ and then stored at −20°C in the same buffer but with 50% glycerol added. For enzyme inhibition experiments, exponentially growing HeLa cells were treated with either 500 nM TSA (Sigma-Aldrich) for 3 h or 20 µM VM-26 (teniposide; Tokyo Chemical Industry) for 2 h. The cells were then either transferred to the nucleus isolation procedure described here or subjected to in situ mechanical measurement. Before the mechanical measurement of isolated nuclear samples, the buffer was replaced with assay buffer comprising 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)--KOH (pH 7.4), 0.1 mM PMSF, 0.005% digitonin, and either 0.8--5 mM MgCl~2~ or 1 mM EDTA by two cycles of centrifuge spins (800 × *g* for 5 min).

Mechanical measurement and analysis
-----------------------------------

The experimental setup used to measure the mechanical properties of nuclei was built in an inverted microscope (Ti-U; Nikon) equipped with a 60× objective (Plan Fluor, 0.60 numerical aperture; Nikon), an AxioCam MRc5 (Zeiss) or Neo (Andor) camera, and a pair of glass microneedles each held by a hydraulic three-axis micromanipulator (MHW-3; Narishige). The tips of the microneedles were microfabricated using a capillary puller (PD-10; Narishige) and microforge (World Precision Instruments) such that they had a nearly even and cylindrical shape with a diameter and length of ∼1 and ∼100 µm, respectively. The stiffness of the microneedle tip was precalibrated (elastic constant: 9.0--16.0 nN/μm) according to a previously described method ([@B55]). The stiffness calibration was performed by two independent experimenters, and the error was confirmed to be within 10%.

To measure the mechanical response of isolated nuclei, 5 µl of nucleus suspension was spread onto an open experimental chamber, which was assembled by adhering a glass coverslip to the bottom of a 1-mm-thick rubber plate with a central aperture. The coverslip surface was precoated with a thin layer of silicone (SL2; Sigma-Aldrich) to minimize the nonspecific adsorption of nuclear samples. After covering of the nucleus suspension with mineral oil (M5310; Sigma-Aldrich), a single isolated nucleus of typical size and shape was captured using a pair of microneedles. The attachment was achieved by applying the microneedle tips near the edges of the nucleus at an approach angle of ∼80°. The captured nucleus was then lifted off the coverslip surface and stretched by cyclic application of calibrated force, which was exerted by moving the microneedle at a velocity of 1--2 µm/s. A typical force application cycle consisted of sequential phases of stretch, hold, and release. In some cases, stretching of the nucleus caused the microneedle tip to slip over the nuclear surface and eventually become detached. These data were excluded from subsequent analyses because the initial capture geometry was lost. Measurements were performed at room temperature (23 ± 2°C) and within 30--120 min of completing the final buffer exchange, over which no detectable change in nuclear mechanical response was observed.

To measure the mechanical response of nuclei in living cells, a suspension culture of HeLa cells maintained in RPMI 1640 medium at 37°C and 5% CO~2~ was transferred to a glass-bottom cell imaging dish (740.017; Eppendorf) and placed on the micromanipulation microscope stage. After confirmation of the location of the nucleus within a cell using DIC imaging, the tips of microneedles were inserted into the cell near the edges of the nucleus. Cells exhibiting significant blebbing or membrane rupturing during micromanipulation were excluded from subsequent analyses. Measurements were performed in a temperature-controlled room at 26 ± 1°C and completed within 30 min after transferring cells into dishes, over which no detectable changes in cell morphology and mechanical properties were observed.

The nuclear rigidity was determined by dividing the applied force (*F*) by the magnitude of deformation (*D*) that developed within the nucleus. *F* was estimated based on the microneedle tip's displacement from the equilibrium point (*Δx*) and its precalibrated stiffness (*k~f~*) according to the equation *F* = *k~f~ Δx*. *D* was measured as the change in distance between the tips of the two microneedles, the positions of which were determined based on a line-scan analysis of time-lapse images acquired during the measurement. These values were obtained at the end of each hold phase after stretch, at which the response reached a nearly steady state. The analysis was performed using NIS-Elements (version 4.20; Nikon) or ImageJ (version 1.48) software. Statistical analysis was performed in Origin Pro 9.0 (Origin Lab). Box plots were drawn where the median, first and third quartiles, and minimum and maximum values are presented for each variable.

Fluorescence imaging
--------------------

To visualize the morphology of nuclei and nuclear chromatin, isolated nuclei were resuspended in H10Mg5 buffer (10 mM HEPES-KOH, pH 7.4, 5 mM MgCl~2~, and 0.1 mM PMSF) and attached to poly-[l]{.smallcaps}-lysine--coated coverslips by centrifugation at 2380 × *g* for 15 min. The nuclei on the coverslips were transferred to one of the following buffers: H10Mg5, H10Mg1 (10 mM HEPES-KOH, pH 7.4, 1 mM MgCl~2~, and 0.1 mM PMSF), or H10E (0 mM Mg^2+^ buffer; 10 mM HEPES-KOH, pH 7.4, 1 mM EDTA, pH 8.0, and 0.1 mM PMSF). The nuclei were then fixed with 2% formaldehyde prepared in the corresponding buffers. After staining of DNA with 4′,6-diamidino-2-phenylindole (DAPI), the coverslips were sealed with nail polish, and optical sections at a thickness of 200 nm were imaged using a DeltaVision microscope (Applied Precision). Acquired images were deconvolved to remove out-of-focus information. The Softworx package of DeltaVision was used to measure average nuclear sizes (*n* = ∼20 for each condition) and generate intensity line profiles of DAPI-stained nuclei for chromatin distribution.

Biochemical analyses of nuclei
------------------------------

The nuclei (weight, 50 µg) were incubated on ice for 15 min in a series of buffers: HE (0 mM Mg^2+^ buffer), H10Mg1, and H10Mg5. After incubation, centrifugation was performed to recover nuclei. The nuclear pellets were suspended in a final sample buffer ([@B35]) and subjected to 12.5% SDS--PAGE. Subsequently, the gels were subjected to Coomassie brilliant blue (CBB) staining and Western blotting using the following antibodies: mouse anti-Rad21 (05-908; Millipore), rabbit anti-CTCF (07-729; Millipore), rabbit anti-Smc2 (ab10412; Abcam), rabbit anti-H2B (ab1790; Abcam), rabbit anti--acetyl histone H4 (06-866; Millipore), rabbit anti--acetyl histone H3 (06-599; Millipore), and goat anti--lamin A/C (sc-6215; Santa Cruz Biotechnology).

Enzymatic digestion experiments
-------------------------------

Digestion of DNA in nuclei was performed by incubating 50 µg (DNA) of nuclei with 50 U of HaeIII (Takara) in H10Mg5 buffer containing 1 mM dithiothreitol (DTT) and 0.05% digitonin at 16°C for 1 h. To analyze the extent of digestion, DNA was purified by treating the nuclei with a mixture of RNase A (Wako, Japan), SDS, and proteinase K (Wako), followed by phenol/chloroform extraction and ethanol precipitation according to the molecular cloning method. Purified DNA (500 ng) with or without digestion was analyzed by 0.8% agarose gel electrophoresis.

For protein composition analysis, the same amounts of the nuclei with or without digestion were separated into nuclear pellets and supernatant fractions by centrifugation. The proteins in the supernatant fractions were precipitated using 17% trichloroacetic acid (Wako) and cold acetone. Both pellets were suspended in the final sample buffer and subjected to 14% SDS--PAGE and subsequent CBB staining and Western blotting using rabbit anti-H1.0 antibody (GTX114462; Sigma-Aldrich) and rabbit anti-H2B antibody.

RNase-treated nuclei were prepared by adding 100 µg/ml DNase-free RNase A to nuclear suspension prepared from TSA-treated HeLa cells in H10Mg5 buffer containing 0.05% digitonin (Sigma-Aldrich), 1 µM PMSF, and 1 µM TSA and incubated at 15°C for 1 h. Prior to mechanical measurements, the reagents were washed by two cycles of centrifugal spins with the identical buffer but without RNase.

Protein identification by mass spectrometry analysis
----------------------------------------------------

For analyzing the histone acetylation profile, TSA-treated nuclear proteins were first fractionated in 15% SDS polyacrylamide gel (ATTO, Japan), and protein bands were detected using CBB staining (Wako). The protein bands containing histone H3 and H4 were cut out from the gel. The protein in the gel was treated by trypsin and eluted from the gel following the manufacturer's protocol (Bruker Daltonics). Briefly, the sliced gel was destained (Silver Stain MS Kit; Wako), completely dehydrated with acetonitrile, and then treated with the reduction buffer (10 mM DTT, 25 mM ammonium bicarbonate \[ABC\]) at 56°C for 45 min. After removal of the reduction buffer and a wash with 25 mM ABC, the gel was treated with alkylating solution (55 mM iodoacetamide, 25 mM ABC) at room temperature for 30 min. After removal of the alkylating buffer and a wash with 25 mM ABC, the gel was completely dehydrated with acetonitrile again. The gel was then soaked with 20 ng/µl Trypsin Gold (Promega) and incubated at 37°C overnight. The gel was mixed with the elution buffer (50% acetonitrile, 5% trifluoroacetate), sonicated for 3 min, and vortexed for 30 min. The elution containing trypsin-digested peptides was recovered, and then its volume was reduced to less than10 μl by an evaporator. The peptide sample was desalinated with a Zip-Tip C18 column (Millipore). The desalinated sample was mixed with equal volume of 0.7 mg/ml α-cyano-4-hydroxycinnamic acid (HCCA; Bruker Daltonics) as a matrix. The HCCA-mixed sample was analyzed to obtain *m/z* peak data by UltraflexIII matrix-assisted laser desorption/ionization--time-of-flight mass spectrometry with the equipped software (flexcontrol, version 3.3, and flexanalysis, version 3.3; Bruker Daltonics). The *m/z* signal data were analyzed to identify acetylated peptides in histones using biotools, version 3.2 (Bruker Daltonics), and the matrix server (Matrix Science), as well as a public database (Swiss-Prot).
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3C

:   chromosome conformation capture

DIC

:   differential interference contrast

TSA

:   trichostatin A.
